In this paper, estimation of fibre orientation is studied for fibre systems observable as a blurred greyscale image. The estimation method is based on scaled variograms observed along a set of sampling lines in different directions. The parameters of the orientation distribution are obtained numerically. Simulated data are used to study the statistical properties of the method.
INTRODUCTION
Fibre orientation is one of the important quality factors of fibrous materials affecting the physical properties of the material. Our objective is to estimate the orientation distribution from digital images of paper samples where the fibre structure is a blur and not visible. The fibres are described as a Boolean model of 'thick' fibres, cf. Matheron (1972) , Mecke and Stoyan (1980) and Molchanov and Stoyan (1994) , and the orientation distribution is modelled using the rose of directions of a fibre process (Mecke and Stoyan, 1980) . The observed digital image is either binary or multicoloured. In the latter case, a digitized dead leaves model, cf. Jeulin (1989) , possibly with additional blurring, is used to describe the image. The stereological estimation of the rose of directions is well-known when the counts of intersections between the fibre system and sampling lines in different directions can be observed, cf. Mecke and Stoyan (1980) . In our case instead, the data consist of scaled variograms of grey values on the lines observed from the digital image without knowing the intersection counts. The stereological estimation method has been extended to the case of digital greyscale image data in Kärkkäinen et al. (2001b) . Following Jeulin (2000) and Kärkkäinen et al. (2001a) , an approximative proportionality between the expected counts of intersections and scaled variograms has been used in the estimation procedure together with a digitization correction. Assuming a parametric rose of directions this leads to nonlinear estimation equations and the parameters are obtained numerically. In order to further enlarge the applicability of this approach, especially for strongly anisotropic fibre processes, we suggest here an improvement to the proportionality model. This approach is applied to an image from a paper sample and simulated images. An alternative approach to the estimation of the orientation distribution from greyscale images can be found in Serra (1982) . In the literature of paper manufacturing, the determination of fibre orientation is studied, e.g. in Forgacs and Strelis (1963) , Paakkari et al. (1984) , Hutten (1994) , and in Erkkilä et al. (1998) where the method based on greyscale images is considered. Fig. 1 (lower right) shows a digital video camera image of a layer extracted from a paper sample, cf. Erkkilä et al. (1998) . The layer has been obtained from separation by a tape stripping technique. The underlying fibre system is degraded due to thickness, overlapping and optical properties of fibres, reflection of light and non-fibrous materials in the sample and also due to digitization.
THE IMAGE MODEL
We model the fibre system by a Boolean model (Matheron, 1972) In practice, we observe a random field
, where h is a complex unknown degradation function. In the simplest case, fibres are allowed to have thickness leading to
Here Ξ n is a 'thick' version of Γ n . In the upper middle of Fig. 1 , a realization of a digitized version of Z 1 Ξ is shown, with Ξ n equal to a flat ellipse with major axis Γ n .
In more complex cases, a greyscale image is observed. We have here used a dead leaves model with finite time (Jeulin, 1989) . Each point of the greyscale image has either the background colour or the colour of the fibre fallen most recently on that point. Blur has been modelled by moving average filtering. Used iteratively, it approximates Gaussian filtering (e.g. Glasbey and Horgan, 1995) . Simulations 
THE ESTIMATION METHOD
The estimation of the orientation distribution f is based on stereological data. The image is intersected by lines in different directions and the variation of grey level is observed as a scaled variogram along each line. The estimation is based on a well-known formula, concerning intersections of the fibre process Φ and the sampling line L β at an angle β $
cf., e.g. Mecke and Stoyan (1980) .
In a degraded case the intersection points are not
we suggest the use of the scaled variogram of grey values . In what follows, let the typical segment and its thick version be denoted by Γ 0 and Ξ 0 , respectively, cf.
(1) and (3). Then, under mild regularity conditions we have for a binary random field
where
by (Kärkkäinen et al., 2001a; b; Molchanov and Stoyan, 1994 )
where ν 2 denotes the two-dimensional Lebesgue measure. If
meaning that the thickness of fibres is small compared to the length of fibres, then approximately for small d
where ξ 2 exp
The results can be extended to a dead leaves model, cf. Jeulin (2000) . However, note that ξ is not any more the same as in (9) because the dead leaves model concerns multicoloured images.
In practice, the scaled variogram (5) is observed from a digital image
m integers} along a digital lineL β chosen to be a pixel sequence of 8-connected pixels in different directions β . When the pixels
is either 1 for horizontal and vertical neighbours, or P 2 for the diagonal ones. We use the estimator
cf. Kärkkäinen et al. (2001a; b 
In the estimation of the parameters θ ¤ τ § κ ¦ , using these eight directions, we can eliminate the unknown ξ and use a least square estimation procedure. It leads to numerical minimization of the sum of weighted squares, compare to Kärkkäinen et al. (2001b) 
8, L i is the total length of the sampling line in direction β i . In the ideal situation where P 0 L ¤ β ¦ can be estimated the formula (Kärkkäinen et al., 2001b) 
should be used instead of (15). Note that in a general use of the formula (16), the directions and the number of sampling lines can differ from the collection
RESULTS AND PERSPECTIVES
We have estimated the orientation parameters of the elliptic distribution using data from each of the five images shown in Fig. 1 . For the image of line segments (upper left of Fig. 1) , the data consist of estimated point intensitiesP
For the binary (0,1)-valued image, the dead leaves simulation, the blurred image and the paper image, the data are scaled variogramŝ
, respectively, calculated from (10). The data are shown in Table 1 , together withτ andκ obtained from (16) for point intensities and from (15) for scaled variograms. From the paper image in Fig. 1 
show a diagonal effect which partly explains the differences in the estimates.
We have also estimated the parameters, using the simplified relation (Kärkkäinen et al., 2001b )
compared with (9). Quite similar estimates were obtained in this example. With more pronounced anisotropy or larger d it might, however, be important to use the refined relation (9). 
are shown for the binary, the dead leaves, the blurred and the paper image of Fig. 1 , respectively. Estimates of τ and κ are also shown. 
